A weathering study of a fractured environment composed of granites and metasediments was conducted in Trás-os-Montes and Alto Douro (north of Portugal) and covered the hydrographic basin of Sordo river. Within the basin, a number of perennial springs were monitored for discharge rate, which allowed for the estimation of annual recharges. A small area of the basin was characterized for parameters such as hydraulic conductivity and effective porosity, which, in combination with the previously calculated recharges, allowed for the calculation of a fracture surface area. The monitored springs were also sampled and analyzed for major inorganic compounds, and using a mole balance model the chemistry of the water samples was explained by weathering to kaolinite of albiteoligoclase plus biotite (granites) or of albite plus chlorite (metasediments). The number of moles of dissolved primary minerals (e.g. albite) could be calculated using this method. These mass transfers were then multiplied by the spring's median discharge rate and divided by the fracture surface area to obtain a weathering rate. Another weathering rate was determined, but using a BET surface area as normalizing factor. Comparing both rates with a representative record of laboratory as well as of field-based weathering rates, it has been noted that rates normalized by the BET were, as expected, similar to commonly reported field-based rates, whereas rates normalized by the fracture surface area were unexpectedly relatively close to laboratory rates (one order of magnitude smaller). The monitored springs are of the fracture artesian type, which means that water emerging at the spring site flowed preferentially through joints and fractures and that weathering took place predominantly at their walls. Consequently, it was concluded that the most realistic weathering rates are those normalized by the fracture surface area, and as a corollary that the gap between laboratory and field weathering rates might not be as wide as usually is reported to be.
INTRODUCTION
Do mineral weathering rates differ significantly between the laboratory and the field environments? The most recent attempt on the reconciling between laboratory and field-based weathering rates is the work by White and Brantley (2003) . In this work the focus was put on the effect that time has on the weathering rates of silicate minerals, and the general conclusions were that weathering rates decrease with weathering duration according to a power function.
Notwithstanding this function has been derived from a considerably large record of laboratory and field-based rates, a crucial question to be put is if the large apparent decrease in weathering rates with time are not artifacts based on normalization using gas sorption isotherms (BET surface areas) which overestimate actual increases in the reactive surface area with time. For instance, it has been proposed by Gautier et al. (2001) that much of the measured increase in BET surface area during weathering consisted of increases in essentially unreactive walls of etch pits that contributed negligibly to mineral dissolution, and other scenarios that decouple the reactive surface area from the measured physical surface area were addressed by White and Peterson (1990) , Drever and Clow (1995) and Brantley et al. (1999) . But there is a scenario not yet studied systematically that can be stated as follows: is it realistic a normalization of weathering rates based on the BET surface area of disaggregated rock samples (usual approach) when in environments like granites and metasediments most of the flow is through a network of joints and fractures? The problem is that in the first case it is assumed that water interacts with all grains in the sample, which means a larger but eventually unreal reactive surface area, whereas in the second case it is implicit that water contacts essentially with grains facing the fracture walls, which implies a much smaller but eventually true reactive surface area. The purpose of this paper is to work on a scenario like this. To that end, we first settled on a formula that describes more realistically the surface area of a fractured medium, and then verified how weathering rates normalized by this area compare with commonly reported laboratory and fieldbased rates.
STUDY AREA
The hydrographic basin of Sordo river is located in Trás-os-Montes and Alto Douro (north of Portugal, near Vila Real) and covers an area of approximately 51.2 km 2 ( Figure 1 ).
Geology, Mineralogy and Petrology
The geology of Sordo river basin is characterized by Paleozoic metasediments that were intruded by Hercynian granites and covered in the valleys by alluvial deposits (Figure 1 ). The oldest terrains are dated from the Cambrian and are composed essentially of alternating phyllites and greywackes. The Ordovician rocks crop out at the Northwest border of the basin and are made predominantly of a conglomerate overlain by alternating quartzites and phyllites The granites are syn-tectonic with respect to the third phase of the Hercynian orogeny and are two-mica medium to coarse grained granites. The contact between granites and metasediments is characterized by an abundance of aplitic dykes, trending towards the Northwest, which acted as a barrier to drainage promoting a selective accumulation of alluvial deposits on top of the Cambrian rocks.
The rock massifs are fractured intensely by a set striking to NESW till NNESSW, sometimes filled with quartz (mostly), pegmatites and aplites, and by a conjugate set striking to NWSE (Sousa, 1982; Pereira, 1989 , Matos, 1991 , usually not filled.
This study is focused on springs emerging from Cambrian metasediments and granites. The mineralogical composition of the metasediments is characterized by an assemblage with quartz, albite, chlorite and muscovite. The granites are composed mainly of quartz, K-feldspar, plagioclase (albiteoligoclase), biotite and muscovite (Sousa, 1982; Matos, 1991) . There is no information on the chemical composition of minerals composing the local metasediments, but reliable information on very similar rocks could be gathered from Pacheco and Van der Weijden (2002) . The chemical composition of muscovite and biotite was determined for the granites by Matos (1991) . The structural formulas of the rock forming minerals are depicted in Table 1 . The mineral abundances (last two columns) were determined by the Balance of Cation Proportions (Pacheco and Van der Weijden, 2002) .
Soils
The hydrographic basin of Sordo river is covered by leptosols (dominant type), fluvisols (in the stream valleys) and some anthrosols (Figure 2 ). The cartography was made by Agroconsultores & Coba (1991) who characterized soil types for thickness as follows: < 25 cm for the leptosols and around 60 cm for the other types. This study is focused on springs emerging from the rather thin leptosols (mostly) meaning that water-mineral interactions took place essentially at the uppermost horizons of the fractured rock. The clay fraction of the soils is composed of kaolinite with small amounts of vermiculite (Silva, 1983) .
Recharge to Springs
From The dominance of fracture springs in massifs of crystalline rocks has been noted before, and discussed in detail by Pacheco and Alencoão (2002) in a study involving over 1500 springs and 640 km 2 area.
The measured discharge rates (Table 2) were used to estimate the recharge associated with each spring. The method used is described elsewhere (Domenico and Schwartz, 1990 ) and may be summarized as follows: if Q f (m 3 /s) is the base flow at the end of a recession and Q i (m 3 /s) the base flow at the beginning of the next recession, then the recharge taking place between the two periods is:
where R (m 3 ) is the recharge and t 1 (s) the time corresponding to a log cycle of discharge. The results obtained for all the samples are listed in Table 2 (last column) from which a median value of 4711 m 3 could be determined. An application of the estimation procedure is illustrated in Figure 4 for spring Nr 13. The minimum base flow of the early recession is Q f = 0.005 l/s and the maximum of the subsequent recession Q i = 0.160 l/s. The time corresponding to a log cycle of discharge is t 1 = 174 days (1.5 × 10 7 s) which gives for recharge a value R = 1011 m 3 .
Hydraulic Conductivity and Effective Porosity of a Fractured Medium
The hydraulic conductivity and effective porosity of fractured phyllites were estimated by a finite differences method. The method is standing on two forms of the general rate equation (in Domenico and Schwartz, 1990) :
where t   is a flux (temporal variation of ), s   is a gradient (spatial variation of ) and B is a conductance (a property of the medium). The Darcy's law:
is one of these forms, where the flux 
where C means concentration of a dissolved mass and s
means velocity of water in the mean direction of flow; variable n is the effective porosity of the fractured medium. Electrical conductivity of water (Ec) is a proxy to the sum of dissolved solids and for that reason will be used as C.
In order to calculate K and n, a number of dug wells in the study area must first be monitored for hydraulic head (h) and Ec during a certain period of time, and then the measured h and Ec values interpolated over a grid of regularly spaced nodes with a distance y between rows and x between columns. Providing that y, x and t are small, the following equations apply to each node in the grid:
where  i,t is the score of  (h or Ec) at node i given the time t, and  N(S,E,W) are the scores of  at nodes located one row or one column to the North, South, East or West of node i. 
where || means absolute value of .
In the Sordo river hydrographic basin, 10 dug wells were monitored monthly for h and Ec from February 2003 till November 2003. The location of wells is given in Figure 5 and the values of h and Ec listed in Table 3 . All wells were dug in the fractured phyllites till several meters deep, and as expected most wells are in areas where 'fracture' densities are relatively high ( Figure 5 ).
The values of K and n were estimated by the finite differences method described above. First, the h and Ec values of each month (Table 3) were interpolated over regular grids with y =5 m and x =5 m, while t was set to 30 days. Second, for each node in those grids, temporal and spatial gradients were calculated by Equations 5a and 5b, K and n by Equations 6a and 6b. Third, median and inter-quartile values of K and n were determined that represent the entire shaded area of Figure 5 . The calculated medians and inter-quartiles are shown in Figure 6 and were combined with median depths of the water ratios between upper quartiles (75% of the population) and medians are just 20.4 for K and 20.6 for n, meaning that spatial heterogeneity is just moderate. Given the lack of long and detailed records of h and Ec, no attempt was made to inspect the nature of heterogeneity and the possible importance of fractal processing (Kirchner et al., 2000 (Kirchner et al., , 2001 Neal, 2002) .
It should be noted that we wanted to monitor h and Ec of granite well water, but that was not possible given the very few number of wells that were mapped in granite outcrops. For that reason, the estimated K and n medians will be used as references throughout the reminder of this paper.
WATER SAMPLING AND ANALYTICAL RESULTS
In September 2002, the monitored springs ( Figure 3) Table 4 and show that, due to the effects of respiration and oxidation of organic matter log(P CO2 ) = 1.60.5, i.e. spring water is far from being in equilibrium with the atmosphere (in such case log(P CO2 ) would be 3.5), and that before flowing through the rock fractures the pH of underground water ranged from 4.3 to 5.1.
Soil pH and the initial concentrations of soil water solutes, in particular of bicarbonate, are raised by interaction between infiltrating water and minerals, the magnitude of such increase being dependent on the residence time. A regression between pH and [HCO 3  ] indicates that weathering imprints a major signature on the chemistry of springs, and in complement that there is an ample range of residence times. In our case we found that
[HCO3] = 7.8pH  32.6, valid for 4.5 < pH < 6.7, with r 2 = 0.5 (8)
Water Mineral Interactions
Not all the minerals present in the various rocks of the study area are important as weathering reactants. The weathering products (essentially kaolinite) are derived mainly from albiteoligoclase (An 0 An 20 ) plus biotite in the granites or from albite (An 0 An 10 ) plus chlorite in the metasediments. The reactions describing the alteration of plagioclase, biotite and chlorite into kaolinite are listed in Table 5 .
The number of moles of weathered plagioclase, biotite and chlorite producing a certain spring water composition may be determined by mole balance models. We used the SiB algorithm, a method introduced by Pacheco and Van der Weijden (1996) , that was extended by Pacheco et al.
(1999), Pacheco and Van der Weijden (2002) and Van der Weijden and Pacheco (2003) , and that comprehends a set of mole balance and charge balance equations of the form:
where: (1989) to solve the set of equations because this procedure can handle efficiently (through least squares or minimizing procedures) the cases where the set is undetermined (q1+q3 > 7) or overdetermined (q1+q3 < 7). In the present case set 9a,b is
The number of moles of dissolved plagioclase, biotite an chlorite were determined using Equations 9a,b, with concentrations taken from Table 4 and reaction coefficients taken from Table 5 . The results are listed in Table 6 (columns 35). The SiB algorithm could explain the chemical composition of 28 out of the 31 springs. In all cases but 3 the plagioclase type fitting best to the weathering model was albite (0  x  0.1). A major portion of the natural contribution to water chemistry is attributed to weathering of plagioclase (86.5%), with the remainder being assigned evenly to alteration of biotite (5.3%) and chlorite (8.2%). These results agree with widely accepted sequences of weathering (e.g. Goldish, 1938; Berner, 1971) .
REACTIVE SURFACE AREAS AND MINERAL WEATHERING RATES

Reactive Surface Areas
A mineral weathering rate obtained from a laboratory experiment or field study is frequently normalized by a physical surface area (e.g. BET surface area), assumed to be the reactive surface area. For a sample with mass  M (kg) and particles with specific surface area S M (m 2 /kg) the area available for reaction (A M in m 2 ) is usually reported to be:
Application of Equation 10 assumes that water interacts with all grains of mineral M in the sample, but in the field this may occur solely when the weathering environment is a soil, saprolite or unconsolidated sediment, not when water percolates through a fractured rock.
In a fractured rock, flow is promoted when a critical degree of connectivity between fractures is attained (percolation threshold), i.e. flow is limited to the so called fault zone aquifers (e.g. To prevent miscalculation of weathering rates, the estimation of a reactive surface area in this study is hinged on the concept of equivalent hydraulic conductivity proposed by Snow (1968) .
For a set of planar fractures the hydraulic conductivity (K) of a fractured massif is given by:
where  w kg/m 
where A is the fracture surface area and  M the proportion of mineral M in the rock ( M  A is the fracture surface area of mineral M); V is the volume of rock with effective porosity n that stored R cubic meters of infiltrated water; and constant 2 means that for each fracture there are usually two reactive surfaces (the two fracture walls). We note that A M , as calculated by Equation 13, is independent of phenomena such as partial wetting, because V is indexed to recharge. However, Equation 13 assumes that fracture walls have the same composition as the rocks in which they occur. This assumption does not hold when fractures had been filled forming dykes, so, inherently, we are assuming that for instance quartz, pegmatite or aplite veins are present in the rock massifs in a negligible proportion.
The medians of R, K and n are 4711 m 3 ( 
where  Ab is the specific weight of albite (2620 kg/m 3 ), and that a median BET S Ab = 80 m 2 /kg is reported in Blum (1994) , then the median reactive surface areas of albite would approach (Sverdrup, 1990) . The ratio between the these areas is 3.3710 4 meaning that in these case a weathering rate standing on the latter areas would be underestimated by 3 to 4 orders of magnitude.
Mineral Weathering Rates
The weathering rate of a mineral M (W M ) is given by: White and Brantley (2003) compiled from the literature a considerably large record of plagioclase and biotite weathering rates that were measured from laboratory experiments or estimated in the field. In all cases the rates were already or have been normalized by the BET surface area. The distributions of plagioclase log rates are represented in Figures 7a and 7b by the white histograms. In both cases weathering rates span several orders of magnitude, a variation that essentially has been attributed to a time effect. This time argument has also been used to justify the usual reports that, on average, field rates are several orders of magnitude smaller than laboratory rates.
RECONCILING LABORATORY AND FIELD WEATHERING RATES
In view of our own results, the strongest argument that helps explaining the huge discrepancy between laboratory and field weathering rates is the underestimation of field rates due to BET normalization. The rationale for plagioclase is as follows: (1) on one hand, the distribution of present study log rates, but expressed as BET log rates (Table 6 values reduced by log(8.0410 3 )), matches the highest frequencies of published field rates (compare the white and dotted histograms of Figure 7a ), meaning that our results are consistent with results by other workers when the assumption made about the reactive surface area is identical; (2) on the other hand, it was demonstrated for fractured rocks that a realistic reactive surface area is represented by the fracture surface area (Equation 13), and rates normalized by this area (Table 6 values) are solely one order of magnitude smaller than laboratory rates (compare the white and dotted histograms of Figure 7b ). Thus, if a real discrepancy exists between field and laboratory weathering rates, this is probably represented by a factor of 10 or so difference, not by a factor of 1000 or more difference.
The discussion made for plagioclase can be transposed to biotite because present study weathering rates normalized by the BET area (Table 6 values reduced by log(3.3710 4 )) are comparable to reported field weathering rates (Figure 8a) , and simultaneously present study weathering rates normalized by the fracture surface area are on average one order of magnitude smaller than reported laboratory rates (Figure 8b ).
CONCLUSIONS
In this study of weathering of solid rocks, it has been demonstrated that the gap between laboratory and field weathering rates can be narrowed if rates are normalized by a fracture surface area derived from field-estimated hydraulic parameters (hydraulic conductivity, effective porosity) instead of a BET surface area measured over samples of disaggregated rock. We believe our approach is correct because in geological environments such as granites and metasediments, groundwater flows essentially through joints and fractures and minerals weather predominantly at joint and fracture walls. (plagioclase is albiteoligoclase) and for the metasediments 0  x  0.1 (plagioclase is albite). Figure 7a -Distribution of plagioclase weathering log rates (dotted histogram) and of corresponding commonly reported field log rates (white histogram; source: White and Brantley, 2003) . Rate data are expressed in mol/m 2 .s. Prior to projection, present study log rates (cf. Table   6 ) were normalized by the BET surface area, i.e. were reduced by log(8.0410 3 ). Figure 8a -Distribution of biotite weathering log rates of (dotted histogram) and of corresponding commonly reported field log rates (white histogram; source: White and Brantley, 2003) . Rate data are expressed in mol/m 2 .s. Prior to projection, present study log rates (cf. Table   6 ) were normalized by the BET surface area, i.e. were reduced by log(3.3710 4 ).
Figure 8b -Distribution of biotite weathering log rates (dotted histogram) and of corresponding commonly reported laboratory log rates (white histogram; source: White and Brantley, 2003) .
Rate data are expressed in mol/m 2 .s. Commonly reported field log rates (right axis)
